Here we report for the first time hydrodistillation of leaf essential oils from Phebalium squamulosum subsp. verrucosum, P. glandulosum subsp. eglandulosum, P. glandulosum subsp. nitidum and P. glandulosum subsp. angustifolium (Rutaceae: Boronieae). Essential oils were analysed using gas-chromatography/mass spectrometry (GC-MS) and nuclear magnetic resonance spectroscopy (NMR). With the exception of P. glandulosum subsp. angustifolium, all taxa yielded essential oils in relatively high amounts (1-3%, w/w) made up predominantly of 2,6-dimethyloct-7-en-4-one (dihydrotagetone). The essential oil from P. squamulosum subsp. verrucosum contains either (+)-dihydrotagetone (ee 94-100%) or (-)-dihydrotagetone (ee 17-18%). Taxonomically, these results support the proposal that P. squamulosum subsp. verrucosum may be specifically misplaced, phytochemically resembling the P. glandulosum complex. Similarly, P. glandulosum subsp. angustifolium phytochemically resembles P. distans or P. longifolium and also appears to be assigned incorrectly to the P. glandulosum group.
Over several decades, information has accumulated concerning the essential oil composition of Australian members of the plant family Rutaceae. One of these is the genus Phebalium (Rutaceae: Boronieae), mostly confined to southern and eastern Australia and consisting of 30 named species [1] with at least six additional not formally named (I.Telford & J. Bruhl, unpublished data). Many species have been taxonomically divided into subspecies [2] based largely on vegetative and floral morphology. Leaf essential oils of several taxa occurring in Queensland have been investigated by Brophy et al. [3a] , including P. glandulosum and members of the P. squamulosum complex, which is presently under taxonomic review in New South Wales. Included in this complex is P. squamulosum subsp. verrucosum, which is examined in this study, alongside subspecies of P. glandulosum, for essential oil character. P. glandulosum is a considerably polymorphic species widespread through south-eastern Australia and presently consisting of five named subspecies [1] , two of which have been examined previously for essential oil character [3a, 4] . In an earlier study, Lassak and Southwell [4] found the ketone (+)-2,6-dimethyloct-7-en-4-one (dihydrotagetone) present in the leaf essential oil of P. glandulosum subsp. glandulosum at an unusually high concentration. Subsequently, the wild population of that taxon sampled by Lassak and Southwell [4] near Dubbo, New South Wales, was placed into a new subspecies, P. glandulosum subsp. macrocalyx [5] . The presence of dihydrotagetone in a wild population of true P. glandulosum subsp. glandulosum collected near Surat, Queensland, was recorded by Brophy et al. [3a] .
Dihydrotagetone was first reported in an essential oil distilled from Tagetes glandulifera [6] , but it is better known as sourced from the essential oil of the daisy colloquially named Stinking Roger; Tagetes minuta (Asteraceae: Heliantheae). Essential oil from T. minuta typically contains dihydrotagetone at a concentration ranging from 7-43% [7] . Dihydrotagetone can be produced at a purity of 95-97.4% [3a, 4] from P. glandulosum subsp. glandulosum and P. glandulosum subsp. macrocalyx. Hence, to the best of our knowledge, the purest natural source of dihydrotagetone is the essential oil of these two subspecies of P. glandulosum. [4] and Brophy et al. [3a] did not yield squamulosone, a sesquiterpenoid ketone first reported by Batey et al. [8] from P. squamulosum collected from Narrabeen, New South Wales. This Sydney Basin population belongs in the type subspecies, P. squamulosum subsp. squamulosum [2] . Queensland populations currently assigned to P. squamulosum subsp. squamulosum sampled by Brophy et al. [3a] demonstrate the presence of elemol, along with various monoterpenes such as α-and β-phellandrene, but no squamulosone. Brophy et al. [3a] further reported a high quantity of α-pinene, limonene, geijerene and guaiol in P. squamulosum subsp. gracile, but again no squamulosone. Another subspecies, P. squamulosum subsp. ozothamnoides, sampled from near Lithgow, New South Wales (as P. ozothamnoides), yielded the sesquiterpenoid alcohol elemol after hydrodistillation, transformed from its heat labile precursor hedycaryol [9] . Other subspecies of P. squamulosum (Sadgrove et al. unpublished data) and two new species previously classified as P. squamulosum [3b], both from northern New South Wales, produce essential oils which mostly conform to this arrangement of essential oil components shown by Southwell [9] and Brophy et al. [3a] , all lacking squamulosone.
Populations of P. glandulosum sampled by Lassak and Southwell
In the present study, we aim to investigate essential oil affinities between P. glandulosum subspecies and P. squamulosum subsp. verrucosum in order to complement studies already aimed at a taxonomic revision of the P. squamulosum complex (I. Telford & J. Bruhl, unpublished data). We hypothesize that dihydrotagetone is a Table 3 : Results of polarimetry, showing two enantiotypes in P. squamulosum subsp. verrucosum (polarimetry was performed on whole essential oils as well as dihydrotagetone, fractionated from the same essential oil).
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Voucher characteristic of the true P. glandulosum group of species and, therefore, can guide taxonomic decisions. In addition, enantiomeric purity is investigated to indicate the potential suitability of essential oils as flavors for the import/export market, as well as to establish a signature for proof of natural origin. Table 2 demonstrate the presence of dihydrotagetone in essential oils from P. squamulosum subsp. verrucosum, P. glandulosum subsp. eglandulosum, and P. glandulosum subsp. nitidum. This result is consistent with previous essential oil analysis of P. glandulosum subsp. macrocalyx and P. glandulosum subsp. glandulosum [3a, 4] . With the exception of the Dihydrotagetone, an unusual fruity ketone Natural Product Communications Vol. 8 (6) 2013 739 geographically isolated P. glandulosum subsp. riparium [5] the essential oils of all named subspecies of P. glandulosum have now been analyzed. In all taxa analyzed by us, except P. glandulosum subsp. angustifolium, dihydrotagetone was present at an average concentration of 95% with a typical yield from 1-3%, w/w, of wet weight leaves. Thus, high yielding essential oils with highly concentrated dihydrotagetone appear to be a characteristic of the P. glandulosum complex and one other species, namely P. squamulosum subsp. verrucosum.
Characterizations presented in
Polarimetry experiments (Table 3 ) demonstrate at least two essential oil dihydrotagetone enantiotypes of P. squamulosum subsp. verrucosum. Table 3 shows good agreement between the optical rotation of whole essential oils and purified dihydrotagetone fractionated from the same essential oil. After purification of dihydrotagetone using flash chromatography, optical rotations were consistent with two enantiotypes. Measurement of the optical rotation of whole essential oils with purities between 86-99% could identify the enantiotypes of dihydrotagetone and is, therefore, a useful timesaver.
Chiral analysis indicates a clear differentiation between samples in relative abundance of optical isomers of dihydrotagetone. The respective dihydrotagetone isomer peaks have been assigned as (+)isomer or (-)-isomer with reference to their corresponding optical rotations. With regard to the chiral GC parameters, in the time available, we were unable to achieve baseline separation of optical isomers of dihydrotagetone. However, adequate separation was achieved to provide indicative optical isomer ratios. In most samples the composition of optical isomers correlates well with their respective optical rotations.
Dihydrotagetone sourced from P. squamulosum subsp. verrucosum (Table 3) was isolated either enantiomerically pure, with an optical rotation of +13˚ (lit. +13°, [13] ) or as a mixture enriched in the (-)-enantiomer with a rotation -4.0°. Measurement of optical purity by rotation was consistent with the results of the chiral GC analysis (Table 3 ). Aesthetic differences between the (+)-isomer and (-)-mixture are subtle. Subjectively, the (-)-mixture produces a weaker odour than the (+)-isomer although no odour threshold studies have been performed.
It is unclear what factors triggered this variation in biosynthesis, producing the two different enantiomers. The chirality present in dihydrotagetone is presumably a product of the reduction of E-or Z-tagetone, which is derived from geranyl diphosphate via E-or Z-ocimenone [14] . Neither E-nor Z-tagetone were observed in the essential oil of P. glandulosum so it is unclear whether double bond geometry in the precursor affects the stereochemistry of the product. Although the (-)-mixture was not observed in the P. glandulosum subspecies examined in this study, a larger number of P. glandulosum subspecies need to be examined before it is known if the (-)-enriched mixture is restricted to P. squamulosum subsp. verrucosum. In addition, a larger number of P. squamulosum subsp. verrucosum essential oils need to be examined to highlight any environmental factors that may be of relevance to the relative abundance of dihydrotagetone enantiomers. Table 4 depicts the resultant compounds identified after characterisation of essential oils hydrodistilled from two specimens of P. glandulosum subsp. angustifolium. This subspecies is thus far the only member of the P. glandulosum complex to produce an essential oil that does not conform to the monoterpenoid dihydrotagetone essential oils typically produced. These essential oils are otherwise composed of predominantly sesquiterpene alcohols and alkenes and yield at approximately 0.4%, w/w, of wet leaves after 4-6 hours of distillation with cohobation. The composition of these essential oils conforms relatively well to previous characterizations produced by Brophy et al. [3a] on Queensland species of P. distans and P. longifolium.
With regard to the taxonomic implications of the phytochemical results presented here, high yielding essential oils with high concentrations of dihydrotagetone appear to be a characteristic of the P. glandulosum complex and one other taxon, P. squamulosum subsp. verrucosum. That the essential oil composition of P. squamulosum subsp. verrucosum presents a greater conformity to the phytochemistry of the P. glandulosum group (except P. glandulosum subsp. angustifolium) than to P. squamulosum subsp. squamulosum [8] suggests that the taxon may be misplaced. Its morphological attributes of warty stems and leaves and pale petals appear to corroborate this closer taxonomic relationship to the P. glandulosum group and it is proposed to raise the taxon to the rank of species (I. Telford & J. Bruhl, unpublished data). In the case of P. glandulosum subsp. angustifolium, the absence of dihydrotagetone in its essential oil composition with a similar phytochemistry to P. distans and P. longifolium [3a] indicate this taxon too may be misplaced. A phylogenetic reconstruction of the genus based on DNA sequence data is needed to clarify relationships. Approximately 600 g of leaf was diced into fragments of average size 5 mm and placed into a 5 L round bottom flask filled with 2.5 L distilled H 2 O. Distillations were run for 2 h for all taxa except P. glandulosum subsp. angustifolium, which was run for 4-6 h with cohobation. Upon standing, essential oil separated and was collected then dried (Na 2 SO 4 ) to remove hydrosol emulsions.
Experimental

Plant collection, hydrodistillation and essential oil analysis:
Analyzes were performed using an HP 6890 GC coupled to a HP 5973 mass spectrometer. Separation was accomplished with a Phenomenex ZB-5MS column (30 m × 0.25 mm i.d., 0.25 μm phase thickness). Operating conditions were as follows: Injector temperature: 250˚C; carrier gas: helium, 1.0 mL/min, constant flow; column temperature, 60˚C (no hold), ramp rate 3˚C/min to 280°C with a 10 min hold. MS were acquired at -70 eV using a mass scan range of 45 -350 m/z. Identification was performed by comparison of mass spectra with an electronic library database (NIST08) and confirmed using arithmetic indices [10] , calculated relative to n-alkanes, compared with published values. Discrepancies were resolved by comparing mass spectra with those published elsewhere [11, 12] . The structure of dihydrotagetone was determined by 1 H (300 MHz, CDCl 3 ) and 13 C NMR spectroscopy (75 MHz, CDCl 3 ) and by comparison with literature data [4, 13] . Quantification of essential oils: Quantification was performed using GC coupled with flame ionization detection (GC-FID). The sensitivity of several authentic reference standards was calculated relative to n-decane. Equal masses of n-decane and authentic reference standard were dissolved in dichloromethane before injection. n-Decane was then used as an internal marker for further quantification. Less abundant compounds were quantified using sensitivity values from compounds with a structure as similar as possible to the target compound. Conditions were completed as above.
